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We study effects of a thermal-quark mass and Landau damping of quarks on the chiral 
phase transition and its soft modes at finite temperature. For this purpose we employ 
a simple model with the quark propagator obtained in the hard thermal loop approxi- 
mation. We show that the chiral phase transition is second order even if quark have a 
finite thermal mass, and the thermal mass suppresses the chiral condensate. We argue 
that mesonic spectra have a large width due to scattering between gluons and quarks, 
and the van Hove singularity at threshold IH 

1. Introduction 

Chiral and connnement-deconfinement phase transitions are the most remarkable 
phenomena of quantum chromodynamics (QCD) in hot and/or dense matter. The 
data of the Relativistic Heavy Ion Collider (RHIC) experiment show strongly cou- 
pled quark and gluon matter near the critical temperature, T c 121 To explore how 
mesonic excitations change is interesting problem above T c . Recent lattice studies 
predict that heavy quarkonia such as J /\& will survive above T c S. In the present 
work we focus on light meson sectors, especially scalar and pseudo-scalar chan- 
nels. It is suggested that light corrective modes appear as soft modes of the chiral 
restoration as temperature approach to the critical temperature ™. 

It is expected that spectra of quarks and gluons have peculiar structures above 
T c . In particular at extremely high temperature, it is known that the thermal gluon 
fields give quarks mass-gap and Landau-damping in the space-like region The 
aim of our work is to investigate the effects of thermal mass of quarks and Landau 
damping of quarks on the chiral phase transition and mesonic excitations. For this 
reason, we adopt a simple model with four Fermi interactions and quarks having 
thermal mass^. We show that behaviors of the chiral condensate, phase transition 
and spectral function in the scalar and pseudo-scalar channel with the thermal 
mass. 
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2. Quasi quarks 



Before exploring mesonic excitations above T c , we consider thermal excitations 
of the quarks in the chiral limit. A retarded propagator of the quarks at finite 
temperature in the chirally symmetric phase is written by 

S R (u,p)=i / L- ^(P +P+ (a/,p)+P_p_(a/,p)), (1) 

J ZTt U> — UJ + IT] 

where P± are projection operators and p± are spectral function of quarks. The 
propagator is chirally symmetric because it anticommute with 75. In medium the 
quark spectrum has a value in not only time-like region but also space-like region 
because of scatterings and decays between the quark and gluons, and have a mass- 
gap called thermal mass in spite of chiral symmetric one. In the high temperature 
limit, the spectral function can be calculated with the HTL approximation El, 

pl^{u,p)=-2lu,Sr\u,p) 

=2n[Z±(p)5(uj - io ± {p)) + Z T (p)6(u + lo t ( P )) + P L ± (uJ,p)9{p 2 - u; 2 )}, 

(2) 

where p = \p\, lo+(p) and u>-(p) correspond to normal quasiquark and plasmino 
excitations respectively and their residues are Z±(p) = (u>± — p 2 ) / (2m 2 -,) . At p = 
normal quasiquark and plasmino excitations are degenerated and have the same 
mass, (jJ±(0) — rriT- p±(u>,p) are continuum spectra in space-like region, which 
originate from Landau damping of quarks, 

P±(",P) = ~ —y TT2 — ' ( 3 ) 

((p T w)±^[(p=Fa;)ln|^|±2p]) +^(p TuJ y 

Now, we would like to explore the effects of the thermal mass on the chiral tran- 
sition and mesonic excitations. We consider a following simple model with the quark 
propagator obtained with the HTL approximation and four Fermi interactions, 

C = ^K L ]"V + Gs[W) 2 + (^7sV>) 2 L (4) 

where ip is the quark field in the chiral limit, Gs is the scalar coupling, and S^ 1 " is 
the propagator obtained in the HTL approximation, ttit is introduced as a param- 
eter to be varied by hand in our model. We introduce the three-dimensional cutoff 
A to eliminate the ultraviolet divergence. When m<r = this model is equivalent 
to the Nambu-Jona-Lasinio model. 

3. Chiral restoration with thermal mass 

First, we consider behaviors of the chiral phase transition in the mean- field approx- 
imation. In this approximation free energy is given by 

V{a) =^ s - T T,f ^trln([S^(iu; n ,k)]-'-a) , (5) 
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Fig. 1. Order parameters for the chiral phase transition <r = —2Gs{4>ip) f° r m^/A = 0,0.1,0.2 
and 0.3 with fixed GsA 2 = 13.01. The chiral transition is of second order irrespective of my. For 
larger my, <r becomes smaller. 



where uj n = (2n+ l)nT is Matsubara frequency for fermions. a = —2Gs(il>ip) is the 
chiral condensate which is obtained by minimization of the effective potential, 

dV(a) 



da 



0. 



(6) 



The numerical results of the chiral condensate are shown in Fig. [T] Although 
thermal-quark mass generally depends on T, we fix the thermal mass to mx/A = 0, 
0.1, 0.2 and 0.3 in order to study properties of thermal effects. There are two inter- 
esting features in Fig.[T] First, the chiral condensate becomes small as the thermal 
mass increases. The reason is that additional pairing energy is required to pair the 
quark and anti-quark when quarks have a mass gap. This feature is completely 
different from the effect of Dirac mass on the chiral condensate. Because the Dirac 
mass act as an external field breaking chiral symmetry, it increases the chiral con- 
densate like an external source in a spin system with although Dirac masses play 
a role of mass gap as well as thermal masses. Second, at T c in Fig. Q] the chiral 
condensate continuously becomes zero, i.e. the chiral transition is second order. 
Thermal mass does not change the order of the chiral phase transition because it 
does not break chiral symmetry unlike Dirac mass. 



4. Mesonic spectra in scalar and pseudoscalar channel 

Near T c soft-modes are expected to appear as fluctuations of order parameter even 
if the quark has a thermal mass because the thermal mass does not break chiral 
symmetry above T c SI. The scalar and pseudo-scalar modes are degenerated above 
T c , thus we consider only scalar mode in the following. In the random phase ap- 
proximation, the retarded propagator of scalar channel, D^(w,p), is given by 



(7) 
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Fig. 2. Diagrammatic representation for the meson propagator D^(uj,p) and the polarization 
function II^ (u!,p). The thick-solid line denotes the quark propagator in the HTL approximation 
Eq. J2}, while the thin-solid line represents the free quark propagator. 



where 7T^(w,p) is the one-loop self-energy in the scalar channel, corresponding 
to the second diagram in Fig. [2j II^(oj,p) is obtained by analytical continuation, 
U^(u),p) — n a (ii'n,p)\w n ^uj+i7] in the imaginary formalism, where v n — 2im is 
Matsubara frequency. TI a {w n ,p) is given by 

r (fife 

II a {iv n ,p) = 2T]T / „tr[S^l h (ioj m ,k)Sl T T h (w n +ioj m ,p + k)]. (8) 

m ^ ^ 

Let us explore the imaginary part of 77^ which corresponds to decays and scatter- 
ings of the mesonic excitations with thermal particles in the heat bath. At p = 
there are the following three types of contributions: 

Im/7*(co,0) = -i(J PP (w) + Jpc(w) +7 C cM), (9) 

7T 



with 



^--S^P-VJI^-knP-V-ll 



p 2 z 2 +u nf p 2 Z 2 

p 2 Z+Z_ 



h[U-f-]L= u _- u (io) 



27r / 7^M/(^--^)-/(^-)]P+(^-^-> fc )-(^-^ (11) 



Jpo(w) =2vr / ^3^[/( W+ )-/( W + W+ )]p L ( W + W+I fc) 

d 3 fc 
(2tt) 3 

JocH=i J ^3 y dE[f(E) - f(to + E)]p\(E, k)p^±{oj + E,k) — (uj *-+ —u), 

(12) 

where indices of PP, PC and CC correspond to the contribution of pole-pole, pole- 
continuum and continuum-continuum respectively, and f{E) = [exp(E/T) + 
f± = /(w±) and w'± — duj(p)/dp. Imaginary part of the self-energy for a typical 
parameter set T/A — ttlt/A = 0.3 is shown in Fig. |4] Contributions in ipp(w) 
correspond to decays of the soft-mode into normal quasiquark and anti-quasiquark 
(plasmino and anti-plasmino) above 1.8mT and correspond to the scattering be- 
tween the soft-mode and the plasmino below OArriT- ipp(w) has divergences at 
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Fig. 3. The diagrammatic al interpretation for the decay processes included in Ipc(ui) (left) and 
Icc( w ) (right). The dashed line denotes the mesonic excitations and the temporal direction is left 
to right. 
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Fig. 4. Each component of Im77 R (w,p = 0) = /pp(w) + /pc(w) + J'ccH at T/A = m T /A = 0.3. 
Ipp(lu), 7pc(u) and Iqq(uj) include the decay processes into two quasiparticle poles, a quasipar- 
ticle pole and continuum, and two continuum, respectively. 



two thresholds, uj ~ OArriT and 1.5jtit- This singularities are called van Hove sin- 
gularities, and come from divergences of the density of states with 2w_(p) and 
w_ (p) — uj+ (p) . On the other hand Ipc and ice are continuous functions and have 
finite values except for uj = 0. Typical processes in Ipc and Ice are shown in Fig. [3j 
Jpc have large values, this contributions are actually larger than spectral function 
with jtlt = 0. 

In Fig. [5]we show spectral functions in scalar channel for mx/ A = and 0.3 at 
p = in the upper and lower panels, respectively, and the scalar coupling Gs is 
adjusted so that T c /A = 0.3 for each mj. In the upper panel with tut = 0, there 
appears a peak in p a {ui,p), and the peak becomes sharper and moves toward the 
origin as T approaches T c from high temperature. This is nothing but the soft mode 
of the chiral phase transitional. In the lower panel with finite my, p a (uJ,p) behaves 
in a more complicated way. First, p a (uj,p) becomes zero at two energies lo\ and loi 
corresponding to van Hove singularities in 7pp(w). Second, although there appears 
a sharp peak in p a {io,p) as the soft mode of the chiral transition, the heights of 
the peaks in p a (uj,p) are depressed compared from the upper panel with tut = 
because of large scattering between the quasi-quarks and gluons. 
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Fig. 5. Spectral functions for mx = (upper) and mx/A = 0.3 (lower) with several values of T 
above T c . The coupling Gs is determined so that T c /A = 0.3 for each tut- 

5. Summary 

We studied the effects of thermal mass and Landau damping of quarks on the chiral 
phase transition and mesonic spectra at finite temperature. The thermal mass does 
not break chiral symmetry so that the order of chiral phase transition does not 
change. On the other hand, the thermal mass makes the chiral condensate small. 
In mesonic spectra not only thermal mass but also Landau-damping of quarks 
play important role. Both thermal mass and Landau damping are specific at finite 
temperature, and they are independent from mesonic channels. Hence our result 
suggests that the mesonic excitations in the light quark sector are destroyed by 
the thermal effects above T c . It is notable that there can nevertheless appear sharp 
peaks in the mesonic spectra as the soft modes of the chiral transition near T c SI. 
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